3 0 5 a r t I C l e S During early development of the CNS, neurons migrate in highly coordinated waves and settle in defined layers that make up the cerebral cortex. Defects in neuronal migration result in mental retardation, epilepsy and learning disorders 1 . Although studies of transgenic mice with failed migration phenotypes led to the identification of kinases that positively regulate neuronal locomotion 2,3 , migrating neurons must also respond to lesser known negative cues and intracellular signaling molecules that limit migration rate.
a r t I C l e S During early development of the CNS, neurons migrate in highly coordinated waves and settle in defined layers that make up the cerebral cortex. Defects in neuronal migration result in mental retardation, epilepsy and learning disorders 1 . Although studies of transgenic mice with failed migration phenotypes led to the identification of kinases that positively regulate neuronal locomotion 2, 3 , migrating neurons must also respond to lesser known negative cues and intracellular signaling molecules that limit migration rate.
Three Jnk genes and multiple splice variants are expressed in the developing CNS 4 . JNKs are essential for early brain development and mice lacking Jnk1 and Jnk2 fail to complete neural tube closure 4, 5 . Whether JNK has an essential role in subsequent radial migration has not been investigated in JNK knockout mice. JNK activity is elevated in the developing forebrain (telencephalon) during mid-gestation when waves of migration occur 6, 7 and during this period the JNK1 substrate SCG10 is expressed in the intermediate zone of the cerebral cortex, where it is phosphorylated by JNK1 (ref. 6) . SCG10 belongs to the stathmin family of proteins, which regulate microtubule dynamics by sequestering two tubulin heterodimers through a conserved stathmin domain 8 , leading to increased microtubule catastrophe activity 9 . Although the ubiquitously expressed stathmin is a proposed oncogene, regulating both mitosis and migration 10, 11 , SCG10 is neuron-specific protein and has not been associated with neuronal migration.
There is mounting evidence that JNK activity is essential in nonneuronal cells for cell migration that results in morphogenic epithelial sheet movement 12 . Thus JNK is necessary for dorsal closure in Drosophila and eyelid closure in mice 4, 13, 14 . Moreover, in vitro studies have shown that JNK is required for migration of keratinocytes and fibroblasts 15, 16 . Because of the consensus that JNK positively regulates migration in non-neuronal cells, there is an expectation that JNK will exert a similar regulatory function in neurons. However, we show that JNK1 behaved differently in neurons where it negatively regulated migration and the transition through the multipolar stage. We provide evidence that this regulation resulted from phosphorylation of the neuron-specific JNK1 target SCG10.
Mice lacking JNK1 showed an increased rate of radial migration. Regulation of migration by JNK1 seems to be largely cell-autonomous, as even in an isolated, in vitro system, Jnk1 −/− neurons migrated faster than wild-type neurons. Inhibition of nuclear JNK activity did not mimic the migration phenotype observed in Jnk1 −/− mice, whereas inhibition of cytoplasmic activity did. These data indicate that cytosolic targets of JNK1 must regulate neuronal migration, and that transcriptional regulation is not a dominant feature of JNK1 in this event. Consistent with this, we used gene silencing to show that JNK1-pseudophosphorylated SCG10 negatively regulated migration rate, similar to JNK1. Moreover, expression of an SCG10 mutant that mimics the JNK1 phosphorylated form completely rescued the migration phenotype in Jnk1 −/− mice. These results indicate that phosphorylation of SCG10 by JNK1 exerts a substantial retarding force on migrating neurons during brain development.
RESULTS

JNK1 activity is elevated in developing cortex
JNK activity is elevated in the intermediate zone of the telencephalon, although its function there is unknown 6 . Here we show that this 3 0 6 VOLUME 14 | NUMBER 3 | MARCH 2011 nature neurOSCIenCe a r t I C l e S activity is largely due to JNK1 (Fig. 1a) . To test whether elevated JNK activity regulated migration of neurons, we used cerebellar granule neurons, a paradigm for studies of postmitotic neuronal migration in vitro 17 . We seeded neurons around silicone blocks, removed the blocks 2 h after plating and counted the number of neurons that migrated into the unseeded areas over 22 h. SP600125 (3 µM), which effectively blocks phosphorylation by JNK in intact cells (Fig. 1b) , substantially increased the number of neurons that had moved to the unseeded area (Fig. 1c,d ). We next tested the effect of JNK inhibition on neuronal migration in Transwells. In wells treated with 3 µM SP600125, substantially more neurons had migrated through the pores by 48 h after plating (Fig. 2a) . SP600125 treatment did not influence basal cell survival (Fig. 2b) or proliferation of progenitor cells (Supplementary Fig. 1a ). Both the density of neurites and the number of nuclei on the outer surface of the chamber increased after treatment, indicating that SP600125 enhanced both neurite extension and nucleokinesis.
Cytoplasmic JNK1 activity regulates neuronal migration JNK1 is largely cytoplasmic in neurons and regulates axodendritic architecture 6, 18 . By contrast, nuclear JNKs are essential for neuronal death 19 . As many established JNK substrates are transcriptional regulators 20 , we used compartment-targeted inhibitors (GFP-NES-JBD and GFP-NLS-JBD) 6, 18 to test whether regulation of migration by JNK was associated with nuclear or cytoplasmic events. Inhibition of cytoplasmic JNK increased neuronal migration threefold, whereas inhibition of nuclear JNK elicited no response (Fig. 2c) . Expression of untargeted GFP-JBD, which localizes to the cytoplasm 18 , also increased neuronal migration. Migration of both nuclei and neurites to the outer side of the filter was increased by GFP-JBD (Fig. 2d) . We next compared the rate of migration of neurons from wild-type and Jnk1 −/− mice. Almost three times more Jnk1 −/− neurons migrated through Transwells than did wild-type cells (Fig. 2e) . There was no further increase in migration upon expression of GFP-NES-JBD, which inhibits all JNKs 20 , which indicates that the action of JNK1 in the cytoplasm regulates neuronal migration and that JNK2 and JNK3 do not notably contribute to this effect.
Correct formation of cortical layers requires precisely orchestrated waves of neuronal migration 21, 22 and alterations in the rate of neuronal migration can manifest as lamination defects in vivo. We therefore examined brains from Jnk1 −/− mice for signs of deregulated migration (Fig. 3) . Jnk1 −/− neurons migrated faster than wild-type cells and GFP-NES-JBD did not further increase migration rate. Significance was tested by one-way ANOVA and post-hoc Tukey HSD test. *P < 0.05; **P < 0.01; ***P < 0.001. a r t I C l e S that the intermediate zone and cortical plate were significantly thicker in mice that lacked JNK1 (Fig. 3a-c) . Furthermore, the number of neuronal cells (expressing Neu-N) was increased in the cortical plate and intermediate zone of Jnk1 −/− mice (Fig. 3e) . Cell cycle exit was decreased by 13% in the ventricular and subventricular zones of Jnk1 −/− mice (Supplementary Fig. 2b ). We also analyzed brains from Jnk1 −/− mice at E18 (Fig. 3g-i) . By this developmental stage, the ventricular zone was thinner than in the wild type, consistent with the increased number of neurons in the cortical plate (Fig. 3h, 
i).
Cytoplasmic, not nuclear, JNK regulates radial migration To test whether the changes in cortical layer thickness resulted from advanced migration, we electroporated E15 embryos in utero with the dominant-negative JNK inhibitor constructs NLS-JBD and NES-JBD. We analyzed the distribution of cells in telencephalon layers in mice at E17, E19 and P2 (postnatal day 2; Fig. 4a-d) . In control animals, GFP-labeled neurons migrated out from the ventricular zone over the course of 5 days, reaching the superficial cortical layers II/III by P2 (Fig. 4d) . However, neurons that expressed GFP-NES-JBD reached the cortical plate more rapidly. The differences in migration were marked; 60% of cells that expressed GFP-NES-JBD were localized in superficial layers II/III by E19, whereas most control, GFP-expressing cells remained in the intermediate zone (Fig. 4c) . The inhibition of nuclear JNK did not enhance migration in vivo but rather had the opposite effect. By P2, 50% of cells that expressed GFP-NLS-JBD were in the ventricular zone compared with 10% in control animals ( Fig. 4d) . Therefore, blocking cytoplasmic JNK activity speeds up the rate of radial migration from the ventricular zone, whereas inhibition of nuclear JNK activity retards departure from the ventricular zone.
To evaluate the possible contribution from gene targets of JNK1 to the changes in migration, we carried out a gene expression analysis using an Illumina array in wild-type and Jnk1 −/− mice. Of the 1,913 probes that matched the gene ontogeny terms 'adhesion' or 'migration' , only 5 genes were significantly regulated in Jnk1 −/− brains ( Table 1) . Notably, the fold changes were small.
Tubulin stability is disturbed in Jnk1 −/− developing cortex Many known JNK substrates are microtubule regulatory proteins 20 . Microtubules are essential components of neuronal migration 23 and microtubule homeostasis is disturbed in the brains of adult mice that lack Jnk1 −/− (ref. 24) . To determine whether microtubule integrity was disturbed in the developing brain, we stained for TuJ1 (class III β-tubulin), a β-tubulin isoform that is expressed in neurons during brain development. TuJ1 immunoreactivity was consistently more Significance was tested using one-way ANOVA and post-hoc Tukey HSD test. *P < 0.05; **P < 0.01; ***P < 0.001. a r t I C l e S diffuse and less structured in Jnk1 −/− telencephala than in the wild type (Fig. 5a ). To measure microtubule stability more directly, we measured the levels of tyrosinated tubulin, a classical marker of unstable microtubules (Fig. 5b,c) . Tyrosinated tubulin was increased in both cortex and hippocampus of Jnk1 −/− mice, which suggests that, as in adults 24 , microtubule stability was disturbed in immature brains from mice lacking JNK1. Phosphorylation of Ser62 and Ser73 by JNK modifies the microtubule regulatory properties of SCG10 (refs. 6,25) . Ser-73-phosphorylated SCG10 is enriched in the intermediate zone of E15 telencephalon 6 . We found that expression of GFP-SCG10 S62A/S73A increased microtubule solubility, whereas the phospho-mimetic GFP-SCG10 S62D/S73D stabilized microtubules (Fig. 5d,e) . Moreover, there were prominent microtubule bundles in cells expressing wild-type GFP-SCG10 or GFP-SCG10 S62D/S73D but not in cells expressing GFP-SCG10 S62A/S73A (Fig. 5f) . Thus, in agreement with a previous model 26 , preventing Ser62/Ser73 phosphorylation of SCG10 increases tubulin solubility, whereas phosphorylated SCG10 stabilizes microtubules in intact cells. We propose that SCG10-mediated stabilization acts by increasing the rate of plus end microtubule growth (Supplementary Fig. 1b) , as has been shown in a reconstituted system 27 .
SCG10 knockdown increases neuronal migration
Knockdown of stathmin-1 in Drosophila, which has only one stathmin gene, results in serious anomalies including migration irregularities in the developing nervous system 28 . To test whether SCG10 influences migration, we transfected neurons with SCG10 short hairpin RNA (shRNA) for 72 h, by which time SCG10 expression was efficiently reduced (Fig. 5g) . This knockdown increased the migration rate of neurons to a similar extent as did JNK1 depletion (Fig. 5h) , and was consistent with the expected increase in microtubule solubility upon removal of SCG10 S62D/S73D (refs. 6,27; Fig. 5d,e) . Moreover, there was no additional increase in migration in these cells when JNK was inhibited with JBD ( Fig. 5h) , indicating that JNK1 and SCG10 regulate migration by a common pathway.
Our data show that deletion of Jnk1 or exogenous expression of SCG10 S62A/S73A increased microtubule plasticity (Fig. 5a-f ) and neuronal migration (Fig. 5h) . To test whether these phenomena were causally linked, we artificially increased the soluble tubulin pool by expression of epitope-tagged tubulin and again measured migration. Exogenous expression of tubulin in neurons was sufficient to induce a twofold increase in migration, suggesting that the level of soluble tubulin is rate-limiting (Fig. 5i) . Thus, conditions that increase soluble tubulin promote migration, whereas conditions that decrease soluble tubulin retard migration. We propose a tentative model to explain the cooperation of JNK1 and SCG10 in regulating neuronal migration (Supplementary Fig. 1b) . SCG10 S62D/S73D restores migration in Jnk1 −/− telencephalon Our model assumes that SCG10 is a key effector of JNK1 in regulating neuronal migration. To determine whether this is the case, we performed a series of rescue experiments in vivo. We electroporated embryos at E15 in utero with GFP-tagged NES-JBD to inhibit cytoplasmic JNK in the presence or absence of the phospho-mimetic SCG10 S62D/S73D . As previously shown (Fig. 4) , expression of GFP-NES-JBD in the telencephalon led to a striking increase in neuronal migration compared with GFP alone (Fig. 6a,b) . Co-expression of SCG10 S62D/S73D resulted in a substantial restoration of the normal migration phenotype, and these cells entirely failed to reach layers II/III by E19. In addition, neurons that expressed SCG10 S62A/S73A migrated faster than control cells (GFP at E19; Fig. 6a,b) , consistent with the results obtained with cultured neurons (Fig. 5h,i) , and showed a distinct morphology with reproducibly shorter leading process (Fig. 6a) as noted in postnatal cortical neurons 6 .
We determined the effect of SCG10 on radial migration in vivo using shRNA knockdown. We electroporated embryos at E15 with SCG10 shRNA in the presence or absence of SCG10 S62D/S73Di (SCG10-DDi), a phosphorylation site mutant of SCG10 that was insensitive to SCG10 shRNA (Fig. 6c-e) . Knockdown of SCG10 led to enhanced migration measured by the increased proportion of cells at the superficial a r t I C l e S layers II and III (Fig. 6c,d ). Co-expression of SCG10-DDi restored a normal migration phenotype. Finally, we tested whether Jnk1 −/− mice showed accelerated migration in vivo (Fig. 6f,g ). In utero labeling of Jnk1 −/− embryos with GFP revealed that the rate of migration was markedly advanced compared to the wild type at E19 (Fig. 6f) . Expression of the phospho-mimetic SCG10 (SCG10 S62D/S73D ) re-established a normal rate of migration in Jnk1 −/− telencephalon but had no effect in the wild type. By P2, neurons in wild-type brains were comparable to those in Jnk1 −/− brains, and occupied the cortical plate, suggesting that they had caught up (Fig. 6g) . To compliment these experiments, we also used birth-date labeling of neurons with BrdU to compare the migration pattern in wild-type and Jnk1 −/− mice (Fig. 6h,i) . We found similar enhancement of migration in Jnk1 −/− mice after BrdU labeling (Fig. 6h,i) to that seen using in utero labeling with GFP (Fig. 6f) . Combined, these data indicate that SCG10 acts downstream of JNK1 to control the rate of neuronal migration in developing telencephalon. Migration defects typically result in disorganization of cell positioning and even cortical-layer disturbance. Although we found no obvious layering defects, the arrangement of cells was disordered in Jnk1 −/− brains. For example, layer VI neurons identified by Tbr1 immunostaining showed an elongated and crowded appearance in Jnk1 −/− brains (Fig. 7a,b) . Furthermore, the subplate, which was well defined in wild-type brains 24 , was poorly defined in Jnk1 −/− brains (Fig. 7a,b and Supplementary Fig. 2a) . To determine whether Jnk1 −/− neurons reached the cortical plate before wild-type neurons, we used the superficial layer (II-III) marker Brn1 (Fig. 7c) . Brn1-positive cells were more localized to the superficial layers in Jnk1 −/− mice than in wild-type mice at E16.5, consistent with the advanced migration observed in Jnk1 −/− brains (Fig. 6f-i) .
Migration rate and multipolar exit is faster in Jnk1 −/− mice To directly test whether Jnk1 −/− neurons migrated faster, we carried out time-lapse imaging on mouse embryo cortical neurons labeled with GFP. We imaged mid-dorsosaggital sections for 10 h (Fig. 7d) . There was a clear increase in bipolar cell migration rate in Jnk1 −/− brains (Fig. 7e) . Most neurons in Jnk1 −/− brains migrated at twice the speed of those in the wild type. By contrast, the speed of multipolar cell movement was unchanged in Jnk1 −/− brains (Fig. 7f) .
Before commencing unidirectional radial migration to the pial surface, neurons undergo a multipolar stage during which they produce and retract multiple extensions and appear to meander randomly in multiple directions 30 . We wondered whether a contributing factor in the accelerated migration phenotype observed in Jnk1 −/− mice could be an absence or shortening of the multipolar stage. We therefore counted the proportion of multipolar neurons in the intermediate zone of developing cortex from wild-type and Jnk1 −/− mice. Consistent with the literature 30 , we found that 75% of (Fig. 7g) . However, in Jnk1 −/− brains, the number of multipolar cells decreased markedly to 25%. Similarly, in mice that expressed GFP-NES-JBD there was a marked reduction in multipolar cells (Fig. 7h) . Thus either knockout of Jnk1 or depletion of cytosolic JNK activity decreased the number of multipolar cells in developing cortex. Correspondingly, introduction of GFP-SCG10 S62A/S73A in utero switched the multipolar-bipolar distribution to one that was indistinguishable from that found in Jnk1 −/− mice (Fig. 7i) . These cells either transitioned more rapidly from the multipolar stage or bypassed it. To distinguish between these possibilities, we measured the proportion of cells that transitioned from multipolar random movement to bipolar, radial migration during a 10-h monitoring period. Most wild-type multipolar cells remained in the multipolar stage during this time, whereas 80% of Jnk1 −/− cells left the multipolar stage to become bipolar, radially migrating cells (Fig. 7j) . Together these data indicate that two important features of cortical development are kept in check by JNK1. The rate of exit from the multipolar stage and the a r t I C l e S speed of radial migration are negatively regulated by JNK1 activity in the cytoplasm. The neuron-specific JNK1 substrate SCG10 seems to be an important effector in these events.
DISCUSSION
We have shown that phosphorylation of SCG10 by JNK1 restricts the rate of multipolar transition and neuronal migration during cortical development. Neurons from mice that lack JNK1 leave the multipolar stage faster and subsequently move with accelerated velocity to the cortical plate. We evaluated whether this unusual function of JNK1 in multipolar transition and neuronal migration was mediated by its neuron-specific target SCG10. We found that neurons expressing SCG10 S62A/S73A phenocopy Jnk1 −/− neurons, showing acceleration of multipolar stage transition, migration in culture and radial migration in brain. Finally, expression of SCG10 S62D/S73D restored a normal rate of migration in Jnk1 −/− neurons in vivo in the developing brain. Our results show that JNK1 has a distinct role in regulating the migration of neuronal cells that differs from its function in other cell types. Studies of epithelial sheet movement, wound healing assays and keratinocyte migration have led to a consensus that JNK positively regulates cell migration 4, 5, [12] [13] [14] [15] [16] . In neurons, the role of JNK in migration has been unclear. Targeted deletion of the JNK activator mkk4 (ref. 31) or in utero delivery of dominant-negative JNK 32 inhibits radial migration but a conflicting study reported that ectopic expression of a cytosolic JNK activator (MUK/DLK) arrested neuronal migration 7 . This apparent controversy might be resolved by our findings in JNK1 knockout mice that cytosolic and nuclear JNKs have opposing effects on migration. Accordingly, inhibition of cytoplasmic JNK (with NES-JBD or deletion of Jnk1, the dominant form of active JNK in the cytoplasm 18, 33, 34 ) increases the rate of radial migration, whereas inhibition of nuclear JNK retards it. This is probably due largely to inhibition of JNK2 or JNK3, which are more localized to the nucleus than JNK1 33 . We expect that nuclear JNK regulates gene expression and thereby promotes migration, although no candidate JNK target genes that could promote migration have been reported. Taking the opposing effects of nuclear and cytosolic JNK on migration into account, it is not surprising that dominant-negative JNK 32 or mkk4 deletion 31 does not exactly phenocopy Jnk1 −/− mice, as these tools would simultaneously deplete cytosolic and nuclear JNK activity 19, 29 . Moreover, they do not specifically target JNK1.
Our findings add to other examples of separable functions for JNKs in neurons. Cytoplasmic JNK regulates neuritic architecture in differentiated neurons 6, 18 ; by contrast, nuclear JNK is solely responsible for neuronal death in response to trophic deprivation 19 . It remains to be seen what stimuli or receptors mediate compartment-specific activation of JNK in the developing brain. It is tempting to speculate that cues that are responsible for negative regulation of migration during brain development might be responsible. 
a r t I C l e S
How do JNK1 and SCG10 retard neuronal migration? One obvious possibility is that it relies on regulation of microtubules. In neurons microtubules provide a protrusive force that drives growth cones forward 23, [35] [36] [37] and net assembly of microtubules at the tip of the growing process is required for neurite elongation 38 . JNK1 regulates microtubule plasticity in embryonic brain and the JNK1 effector SCG10 is concentrated in growth cones alongside unanchored microtubules 39, 40 . It is therefore plausible that SCG10 functions locally in the growth cone to reorganize microtubule plasticity (Supplementary Fig. 1b) , thereby regulating protrusion and forward movement.
We also found that JNK1 and SCG10 regulated the transition from the multipolar stage. This finding emerged from in utero electroporation experiments in which deletion of Jnk1 or expression of GFP-NES-JBD led to a substantial decrease in the number of cells in the multipolar stage and an increased rate of transition from multipolar to bipolar stage (Fig. 7) . This phenotype, like the migration phenotype, was mimicked by expression of SCG10 S62A/S73A , suggesting that regulation of microtubule homeostasis by JNK1 is also crucial for this event. These data implicate JNK1 and SCG10 in the regulation of multipolar transition, adding to the known network of molecules such as DCX, Lis1 and Rnd2 (ref. 30) . Although these experiments highlight the effects of JNK1 on the multipolar stage and migration of late-born neurons (those labeled at E15), the disrupted organization of layer VI and the subplate (Fig. 7a,b) suggests that JNK1 is also involved in earlier waves of migration. Although layer VI cells have a guidance role 41 and therefore disruption here could influence migration or multipolar duration of subsequent waves of neurons, there appears to be a cell-autonomous component to the results described here, as mosaic expression of SCG10 S62D/S73D rescues a normal migration phenotype in these cells.
We have proposed one model to explain the observed results (Supplementary Fig. 1b ). However, it is possible that phosphorylation of SCG10 by JNK1 affects other cellular processes that influence migration. For example, SCG10 is also concentrated at the golgi, an organelle that is important for cell migration, but the function of SCG10 at the golgi is unknown. In addition, microtubule and actin cytoskeleton cross-talk and Rho GTPases could be involved [42] [43] [44] . Regardless of a possible contribution from other mechanisms, the fact that SCG10 S62D/S73D rescues a normal migration phenotype in Jnk1 −/− cortex provides strong evidence that SCG10 is a key downstream effector of JNK1 in regulating radial migration in the developing brain.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
